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METHOD AND APPARATUS FOR EARLY
WRITE TERMINATION IN A
SEMICONDUCTOR MEMORY

BACKGROUND OF THE INVENTION

The present invention generally relates to dynamic random
access memories (DRAMs), and particularly relates to termi-
nating write operations 1n synchronous DRAMSs (SDRAMs).

Data transfers to and from an SDRAM are 1nitiated by a
memory controller. The memory controller provides a series
ol instructions to the SDRAM in the form of commands along
with corresponding data. The SDRAM receives, iterprets
and executes the commands. The commands are 1ssued by the
memory controller, and processed by the SDRAM, 1n syn-
chronization with a system clock. Likewise, data 1s written to
and read from the SDRAM 1n synchronization with the sys-
tem clock.

To achieve improved data transier speeds, some types of
SDRAMSs, in particular, double-data rate SDRAMs (DDR
SDRAMSs), incorporate data strobe signals. In operation, data
strobe signals are output by the device providing data and
received by the device capturing, or sampling, the data. For
example, during read operations, a DDR SDRAM outputs
data signals and a corresponding data strobe signal for use by
a memory controller. The memory controller samples the data
signals using the data strobe signal as a timing reference.
Likewise, during write operations, the DDR SDRAM
samples data signals using the data strobe signal as a timing
reference.

Transferring data to and from SDRAMSs 1n “bursts” further
improves SDRAM performance. The length of a data burst,
commonly referred to as burst length, defines the maximum
number ol memory array column locations that are accessed
during a particular read or write operation. Accessing mul-
tiple column locations during a single memory operation
reduces the latency associated with activating blocks of
SDRAM memory cells. Burst length 1s programmed during a
hardware 1nitialization process of the SDRAM. Once pro-
grammed, it generally 1s ineflicient to modify the burst length
during SDRAM operation. The burst length can be modified
only when all SDRAM memory banks are 1dle and no bursts
are 1n progress. Additionally, the memory controller must
wait a specified time after modifying the burst length before
mitiating a subsequent operation. As such, conducting
memory operations based on programmed burst lengths
sometimes results 1 1neificiency, such as when there 1s a need
to write data 1n amounts smaller than the programmed burst
length.

Conventional SDRAMs may support early write termina-
tion 1 a number of known ways. That 1s, conventional
SDRAMSs may terminate or truncate an ongoing write opera-
tion before its completion, e.g., at less than a programmed
burst length. However, conventional early write termination
techniques come at the expense of performance, risk of uncer-
tainty, or both. For example, early write termination may be
accomplished by 1ssuing a precharge command during an
ongoing write operation. The precharge command deacti-
vates the open row currently being written to. Deactivating
the open row during a write operation prevents the write burst
from completing. However, the deactivated row will be
unavailable for a subsequent access until a precharge latency
1s satisfied. Thus, the deactivated row can not be written to or
read from immediately after the precharge command 1s used
for early write termination. In addition to the precharge
latency, the row must be re-activated before another read or
write command can be 1ssued to the same row. This row
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2

activation process further increases the latency penalty asso-
ciated with using the precharge command as a method of
carly write termination.

Issuing a subsequent read or write command during an
ongoing write operation also results 1n early write termina-
tion. However, this requires the memory controller to issue an
additional command and the SDRAM to interpret this com-
mand. Furthermore, data must be available for transmission
to the SDRAM when the subsequent command 1s 1ssued.
Also, when terminating an ongoing write operation by 1ssuing
a subsequent read command, data masking may be required
depending upon the write-to-read command interval. For
example, 1f the write-to-read command interval i1s greater
than one clock cycle, then data masking may be required.

Use of a burst stop command represents another option for
carly write termination. However, the burst stop command 1s
well defined for read operations only. Use of the burst stop
command during ongoing write operations may cause data
uncertainty. That 1s, uncertainty may arise as to which data
was or was not written to the SDRAM when the burst stop
command was 1ssued. Further, because use of the burst stop
command for early write termination 1s not a standardized
technique, 1ts use for this purpose may cause SDRAM mal-
function.

SUMMARY OF THE INVENTION

According to the methods and apparatus taught herein, one
embodiment of a method of terminating a write operation 1n
a synchronous dynamic random access memory (SDRAM) at
less than a programmed burst length comprises detecting
carly deactivation of a data strobe signal applied to the
SDRAM during write operations and disabling memory cell
access within the SDRAM responsive to said early deactiva-
tion of the data strobe signal to prevent the storage of mvalid
data. Disabling memory cell access for early write termina-
tion may comprise disabling access at least to memory loca-
tions corresponding to a truncated portion of the programmed
burst length as indicated by deactivation of the data strobe
signal.

Thus, 1n at least one embodiment, an SDRAM comprises a
buffer circuit and an early write termination circuit. The
butler circuit 1s configured to sample input data responsive to
a data strobe signal applied to the SDRAM during a write
operation and direct the input data to one or more of the
memory cells for storing the mput data. The early write ter-
mination circuit 1s configured to terminate the write operation
at less than a programmed burst length by disabling access to
one or more of the memory cells after storage of the sampled
input data responsive to detecting deactivation of the data
strobe signal.

In one or more embodiments, the early write termination
circuit comprises a detection circuit and a write enable circuit.
The detection circuit 1s configured to detect deactivation of a
data strobe signal applied to an SDR AM during a write opera-
tion. The write enable circuit 1s configured to terminate the
write operation at less than a programmed burst length
responsive to the detection circuit detecting deactivation of
the data strobe signal.

Corresponding to the above early write termination meth-
ods and circuits, a complementary memory controller com-
prises 1n one embodiment control logic configured to termi-
nate an ongoing write operation by deactivating a data strobe
signal directed to an SDRAM by the memory controller dur-
ing the ongoing write operation.

Of course, the present invention is not limited to the above
features and advantages. Those skilled 1n the art will recog-
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nize additional features and advantages upon reading the
tollowing detailed description, and upon viewing the accom-
panying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 11s a block diagram of one embodiment of a synchro-
nous DRAM.

FIG. 2 1s a logic flow diagram of one embodiment of
program logic for terminating an ongoing memory write
operation.

FIG. 3 1s a block diagram of one embodiment of an early
write termination circuit.

FIG. 4 1s a circuit diagram of one embodiment of an early
write termination circuit.

FIG. 5 1s a timing diagram of various signals generated by
the early write termination circuit of FIG. 4.

FIG. 6 1s a state transition diagram of one embodiment of
control logic associated with an early write termination cir-
cuit.

FI1G. 7 1s a block diagram of one embodiment of a memory
cell and corresponding I/O gating circuits.

FI1G. 8 1s a block diagram of one embodiment of a memory
controller configured to indicate early write termination to a
memory device.

DETAILED DESCRIPTION OF THE INVENTION

An embodiment of an SDRAM 10, shown in FIG. 1,
includes an early write termination circuit 12. The early write
termination circuit 12 terminates or truncates an ongoing
memory write operation before 1ts completion, e.g., at less
than a programmed burst length. Particularly, 1n response to
detecting deactivation of a data strobe signal (data_strobe),
the early write termination circuit 12 disables or otherwise
inhibits storing of input data 1n one or more memory cells of
the SDRAM 10 during a write operation. As such, an ongoing
write operation of the SDRAM 10 may be reliably terminated
before the operation has been completed. Note that “write
termination’ as used herein means, 1n at least one embodi-
ment, inhibiting access to all or part of the SDRAM’s internal
memory arrays 14. The SDRAM 10 may or may not continue
to execute the write command, even though the early write
termination circuit 12 has inhibited memory array access.

The SDRAM 10 of FIG. 1 includes one or more banks of
memory arrays for storing data. Each memory array includes
a plurality of memory cells (not shown) having a storage
clement located at an intersection of a memory array word
line (1.e., row) and bit line (i.e., column). For ease of 1llustra-
tion and description, FIG. 1 illustrates a single memory array
bank 14. However, those skilled 1n the art will understand that
the SDRAM 10 may include multiple memory array banks,
and, as such, the early write termination circuit 12 can provide
carly write termination for any number of memory array

banks.

Returning to the operational details of the SDRAM 10, a
control circuit 16 1s configured to recerve external control
signals, e.g., CS, WE, CAS, and RAS generated by an exter-
nal memory controller (not shown). The external control sig-
nals are received by the control circuit 16 1n synchromzation
with a system clock, e.g., differential system clock CK and
CK. The SDRAM 10 generates an internal system clock
(CLK) in synchronization with the external system clock. The
SDRAM 10 generates CLK when a clock enable signal 1s
active, e.g., CKE 1s active. CLK synchronizes internal opera-
tions of the SDRAM 10.
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4

The control circuit 16 further includes a command decoder
18 and one or more mode registers 20. The command decoder
18 decodes the external control signals mnto one or more
commands. Each decoded command instructs the SDRAM
10 to perform a particular operation. For example, the
SDRAM 10 1s mnstructed to perform a write operation when
CS, WE, and CAS are active (logic low) and RAS is inactive
(logic high). The mode registers 20 define the specific mode
of operation of the SDRAM 10. For example, the mode reg-
isters 20 may define burst length, burst type (e.g., interleaved
or sequential), one or more memory access latencies such as
cas latency, and/or operating mode of the SDRAM 10. The
mode registers 20 are programmed 1n response to a corre-
sponding command and retain their settings until they are
re-programmed or until the SDRAM 10 loses power.

In response to a decoded command, the control circuit 16
generates one or more internal control signals, e.g., ras, cas
and write_en. The internal control signals enable, disable, or
otherwise control various functions of the SDRAM 10 1n
order to execute particular commands. In one example, 1n
response to a write command, the control circuit 16 activates
write_en which directly or indirectly enables the storing of
input data into array memory cells of the SDRAM 10. Fur-
ther, the control circuit 16 generates ras and cas to control
word and bit line activation, respectively. The write_en, ras
and cas iternal control signals are provided to various cir-
cuits of the SDRAM 10 during specific parts of a command
cycle, as will be discussed further below.

Data input/output (I/O) bufler circuit 22 samples, or cap-
tures, input data signals (data<0:y>) during write operations
and drives output data signals during read operations. During
a write operation, input data signals are sampled by the data
I/O butler circuit 22 using a data strobe signal (data_strobe)
as a timing reference. That 1s, mput data 1s sampled 1n
response to transitions in data_strobe. The data_strobe signal
1s generated by the external controller and is transmitted with
input data to the SDRAM 10. The data I/O butfer circuit 22
can sample the input data on rising edges of data_strobe or
can sample input data on rising and falling edges of data_s-
trobe. The later sampling mode 1s commonly referred to as
double-data rate (DDR) sampling. DDR sampling of input
data enables the SDRAM 10 to capture y-bits of input data
during the rising edge of data_strobe and capture another
y-bits of input data during the falling edge of data_strobe. As
such, 1n a DDR embodiment, the data I/O butter circuit 22
provides x-bits of mput data to the memory array 14 for
storing during a write operation where x equals twice y. In a
non-DDR embodiment, the data I/O builer circuit 22 provides
x-bits of input data to the memory array 14 where x equals y.

An address register 24 1s configured to store an address
associated with a particular location of the memory array 14
at which data 1s to be read from or written to during a memory
operation. The stored address corresponds to external address
signals (Addr) provided to the SDRAM 10 by the external
controller. The external address signals received by the
address register 24 1indicate a particular row (word line) and
column (bit line) to be selected within the memory array 14
during a corresponding memory operation.

Further, the address register 24 provides row and column
addresses to row and column decoder circuits of the SDRAM
10, respectively, 1 response to the external address signals
and the 1nternal control signals. Particularly, the address reg-
ister 24 provides a row address (row_addr) to the row address
latch/decoder circuit 26 for activating a corresponding word
line 1n the memory array 14 in response to an active ras signal.
The address register 24 also provides a column address (co-
1_addr) to the column decoder circuit 28 via a column address
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counter/latch circuit 30 for activating a corresponding bit line
in the memory array 14 1n response to an active cas signal. As
such, a specific word and bit line of the memory array 14 can
be selected, or activated, 1n response to an address associated
with a particular command.

The row address latch/decoder circuit 26 recerves the row
address from the address register 24 and selects, or activates,
the memory array word line that corresponds to the row
address. Likewise, the column decoder circuit 28 selects the
memory array bit line that corresponds to the column address.
The column address counter/latch circuit 30 provides the
column address to the column decoder 28. In addition, the
column address counter/latch circuit 30 tracks the number of
columns selected during a burst operation, e.g., a burst write,
incrementing the column address accordingly until the burst
operation 1s completed or terminated. Upon completion of a
burst operation, the column address counter/latch circuit 30
generates a corresponding signal (end_burst) indicating
completion of the burst operation and resets 1ts burst counter.

A data control circuit 32 provides a data read/write gating
mechanism by which data 1s etther read from or written to the
memory array 14. The data control circuit 32 includes a
plurality of sense amplifiers (not shown) and I/O gating cir-
cuits such as read latches and write drivers (not shown). The
sense amplifiers and I/O gating circuits can be arranged 1n any
suitable configuration such as local, sub-array, global or other
shared or unshared configurations. The read latches provide
data sampled by the sense amplifiers to the data I/O bulfer
circuit 22 for transmission to the external controller during a
read operation. The write drivers provide data to the memory
array 14 for storing the data during a write operation. The
internal write enable signal (write_en) enables specific I/O
gating circuits associated with targeted memory cells during
a particular operation.

The early write termination circuit 12, as 1llustrated 1n FIG.
1, 1s shown included 1n the control circuit 16 of the SDRAM
10. This depiction of the early write termination circuit 12 1s
for ease of description only and should not be construed as a
limiting feature of the SDRAM 10 or the early write termi-
nation circuit 12. The early write termination circuit 12 may
be wholly or partially integrated in the control circuit 16.
Alternatively, the early write termination circuit 12 may be
distributed throughout the SDRAM 10 1n various circuits.
Operation of the early write termination circuit 12 will be
discussed 1n detail further below.

FIG. 2 1llustrates one embodiment of program logic for
terminating an ongoing SDRAM write operation. The pro-
gram logic provides early write termination in an SDRAM by
disabling or inhibiting storing of input data in one or more
memory cells of the SDRAM during a write operation. For
case of description, the program logic will next be described
with reference to the SDRAM 10 of FIG. 1. However, the
program logic can be implemented 1n a variety of DRAMs,
and, as such, the following description of the program logic
should not be construed narrowly to apply only to the

SDRAM architecture of FIG. 1.

The program logic “begins” with the SDRAM 10 sampling,
input data i1n response to a data strobe signal after a write
operation has been initiated by an external memory controller
(Step 102). For example, the data I/O buffer circuit 22
samples data 1n response to the data strobe and write enable
signals as previously described. An external memory control-
ler provides the data and data strobe signal to the SDRAM 10
during the ongoing write operation. While the SDRAM 10 1s
storing the sampled data 1n one or more of 1ts memory cells,
the ongoing write operation may be terminated before
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6

completion. The memory controller initiates early write ter-
mination by deactivating the data strobe signal during the
ongoing write operation.

The early write termination circuit 12 monitors the data
strobe signal for deactivation during the ongoing write opera-
tion to detect early write termination (Step 104). The
SDRAM 10 continues to store the sampled input data 1n 1ts
memory cell(s) while the data strobe signal remains active
during the ongoing write operation (Step 106). The SDRAM
10 samples a subsequent set of input data during the following
clock cycle unless the write operation has completed (Step
108). The SDRAM 10 enters an idle state when the write
operation 1s completed (Step 110). The SDRAM 10 remains
in the 1dle state until instructed to do otherwise by the memory
controller.

I the memory controller deactivates the data strobe signal
during the ongoing write operation, the early write termina-
tion circuit 12 detects the deactivation and causes the
SDRAM 10 to terminate the ongoing write operation before
its completion (Step 112). That 1s, the SDRAM 10 disables or
inhibits the storing of mput data 1n the memory array 14 1n
response to the early write termination circuit 12 detecting
deactivation of the data strobe signal. The SDRAM 10 enters
an 1dle state when the write operation 1s terminated (Step
110). The SDRAM 10 remains 1n the 1dle state until instructed
to do otherwise by the external controller.

FIG. 3 illustrates an embodiment of the early write termi-
nation circuit 12. The early write termination circuit 12
includes a detection circuit 34 and write enable logic 36. The
detection circuit 34 detects deactivation of the data strobe
signal (data_strobe) during an ongoing write operation, 1.€.,
when write_en 1s active. Particularly, the detection circuit 34
detects a missing transition of data_strobe during an active
portion of a cycle of the internal system clock (CLK). That 1s,
when a memory controller deactivates data_strobe to indicate
carly write termination, the memory controller causes data_s-
trobe to not transition or toggle from one logic level to another
during a particular CLK cycle. The missing data_strobe sig-
nal transition provides an indication to the early write termi-
nation circuit 12 that the ongoing write operation 1s to be
terminated. The detection circuit 34 detects the missing
data_strobe transition during an active portion of a CLK
cycle. In response to detecting the missing data_strobe tran-
sition, the detection circuit 34 indicates to the write enable
logic 36 that an ongoing write operation 1s to be terminated.
For example, the detection circuit 34 asserts a write mhibit
signal (write_inhibit) to indicate early write termination.

The write_inhibit signal indicates to the write enable logic
36 that data_strobe has been deactivated by the memory con-
troller and that the ongoing write operation 1s to be terminated
by the SDRAM 10. In response to write_inhibit, the write
enable logic 36 deactivates the internal write enable signal
(write_en). By deactivating write_en, the early write termai-
nation circuit 12 directly or indirectly causes the SDRAM 10
to terminate or truncate an ongoing write operation before its
completion. Particularly, the deactivated write_en signal
causes the SDRAM 10 to disable or otherwise inhibit storing
of input data 1n one or more of 1ts memory cells during the
ongoing write operation.

Further, the write enable logic 36 may, as part of disabling
write_en for early wrte termination, consider the pro-
grammed cas latency value stored in mode registers 20 of the
SDRAM 10. The programmed cas latency corresponds to the
number of clock cycles, e.g., CLK cycles, between the time a
memory controller provides data to the SDRAM 10 to when
the data 1s actually stored or written 1n the memory array 14 of

the SDRAM 10.
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By accounting for this delay, the write enable logic 36
causes the SDRAM 10 to store all mput data sampled by the
SDRAM 10 before deactivation of the data strobe signal 1s
detected by the detection circuit 34. That 1s, the SDRAM 10
disables one or more memory cells of the memory array 14
alter the cas latency lapses, thus allowing all validly sampled
input data to be stored 1n the memory array 14 while preclud-
ing storage of invalid data. In other words, data elements of
the programmed write burst that were Vahdly sampled 1nto
the SDRAM 10 on data_strobe transitions are written 1nto
corresponding memory locations of the SDRAM 10, but
access to those memory locations corresponding to the trun-
cated portion of the write burst 1s inhibited to prevent the
storage of invalid data i those locations.

For example, 1f cas latency 1s one CLK cycle, the write
enable logic 36 disables write_en during the same CLK cycle
in which data strobe deactivation was detected. If cas latency
1s greater than one CLK cycle, the write enable logic 36
disables write_en aiter sufficient CLK cycles have passed to
allow validly sampled input data to be stored. As such, an
ongoing write operation of the SDRAM 10 may be reliably
terminated before the operation has been completed.

Still further, the write enable logic 36 maintains write_en in
a deactivated state regardless of whether data_strobe 1s reac-
tivated during a terminated write operation. As such, the write
enable logic 36 prevents the early write termination circuit 12
from entering a spurious state while the SDRAM 10 termi-
nates a write operation. Also, to prevent data corruption, the
write enable logic 36 deactivates write_en when an ongoing
write operation 1s deactivated or completed, e.g., the current
write command 1s deactivated or end_burst indicates comple-
tion of a burst write operation.

FI1G. 4 illustrates an exemplary circuit implementation of
the early write termination circuit 12. The exemplary circuit
implementation 1s next described with reference to FIG. 5,
which 1llustrates timing relationships of various signals gen-
crated by the early write termination circuit 12. Although the
exemplary circuit implementation realizes the early write
termination circuit 12 using specific combinatorial and
sequential logic, those skilled in the art will recognize that
various other combinations of sequential and/or combinato-
rial logic can be used to implement the function of the early
write termination circuit 12. For example, the early write
termination circuit 12 may be implemented using a Program-
mable Logic Device (PLD). In another example, the early
write termination circuit 12 may be implemented using a gate
array circuit such as a Field Programmable Gate Array
(FPGA).

The early write termination circuit 12 includes the detec-
tion circuit 34 and the write enable logic 36. The detection
circuit 34 detects deactivation of the data strobe signal
(data_strobe) and generates a signal (write_inhibit) for indi-
cating early write termination to the write enable logic 36.
The write enable logic 36 terminates an ongoing write opera-
tion 1in response to write_inhibit by deactivating the internal
write enable signal (write_en) of the SDRAM 10.

In more detail, the detection circuit 34 receives three sig-
nals: the internal system clock (CLK), write_en, and data_s-
trobe. In response to CLK, write_en and data_strobe, the
detection circuit 34 detects a missing transition of data_strobe
during a CLK cycle. After detecting a missing transition 1n
data_strobe, the detection circuit 34 provides a write inhibit
signal (write_inhibit) to the write enable logic 36 to indicate
carly write termination. In operation, a three-input AND gate
38 recerves CLK, write_en and data_strobe. The output of the
three-input AND gate 38 1s at a logic high level only when
CLK, write_en and data_strobe are active, e.g., a logic high
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level. The write_en signal 1s initially active when the SDRAM
10 begins executing a write operation. The CLK signal com-
prises active an mactive portions during each cycle of CLK.
When CLK 1s active during a write operation, the output of
the three-input AND gate 38 1s a logic high level unless
data_strobe has been deactivated, e.g., data_strobe 1s at a
logic low level. Thus, the output of the three-input AND gate
38 toggles 1n response to transitions 1 data_strobe when
CLK and write en are active.

The output of the three-input AND gate 38 1s captured by
the tlip-tlop 40. In one example, the flip-flop 40 may be an
S-R (set-reset) tlip-tlop. As such, the output of the three-input
AND gate 38 1s received by the set input of the tlip-flop 40. In
response, the flip-tlop 40 outputs true and complement ver-
sions of the output of the three-input AND gate 38. Further,
the thip-tlop 40 resets the true and complement outputs in
response to a signal received at 1ts reset mput (pu_clk_{fall-
_delay). A clock pulse generator 42 generates a periodic clock
pulse (pu_clk_{fall) and a delayed version of pu_clk_fall (pu-
_clk _fall_delay), the later clock pulse serving as the reset
input to the tlip-tlop 40.

The reset input of the flip-tlop 40, pu_clk_fall_delay, 1s
delayed to account for skew in the data_strobe signal. If
data_strobe signal skew 1s not accounted for, the output of the
tlip-tflop 40 may unexpectedly change states during a tlip-tlop
reset operation. By delaying the reset input of the tlip-tlop 40,
the output of the tlip-tlop 40 can be reliably reset. Further,
pu_clk_fall 1s delayed so that pu_clk_fall and the output of
the flip-flop 40 (strobe_deactivation) have non-overlapping
signal transitions.

The clock pulse generator 42 generates pu_clk_fall 1n
response to both CLK and an inverted, delayed version of
CLK being active. In one example, the clock pulse generator
42 includes an odd number of imverters 44 for delaying and
inverting CLK. Further, the clock pulse generator 42 includes
a NOR logic gate 46 for generating pu_clk_fall. A delay
clement 48 receives pu_clk_fall and generates pu_clk_{all-
_delay by delaying pu_clk_{fall by a predetermined amount of
time.

A logic gate 50 detects a missing transition 1n the toggle
signal captured by the tlip-tflop 40. In response to detecting a
missing transition ol the toggle signal, the logic gate 30
asserts a write inhibit signal (write_inhibit) to indicate early
write termination. In operation, the logic gate 50 recerves the
clock pulse pu_clk_fall and the complement output of the
tlip-tflop 40 (strobe_deactivation). Because pu_clk_fall and
strobe_deactivation have non-overlapping signal transitions,
the output of the logic gate 50, write_inhibait, 1s a logic low
level unless both pulse pu_clk_fall and strobe_deactivation
are active atthe same time, e.g., both signals are at alogic high
level.

The complement output of the tlip-tlop 40, strobe_deacti-
vation, transitions to a logic low level when data_strobe 1s a
logic high level and strobe_deactivation transitions to a logic
high level when data_strobe 1s a logic low level. As such, the
transitions of strobe deactivation mimic the transitions in
data_strobe, albeit with some possible phase offset. Thus,
strobe_deactivation fails to transition from one logic level to
another when a transition in data_strobe 1s missing, 1.e.,
data_strobe 1s deactivated by a memory controller. In
response to a missing data_strobe transition, strobe_deacti-
vation 1s “stuck’ or remains at a particular logic level, e.g., a
logic high level. The flip-tlop 40 captures this “stuck”™ state
during the CLK cycle 1n which data_strobe 1s deactivated.
Thelack of transitionin strobe_deactivation is detected by the
logic gate 50 during the following cycle of CLK.
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The output of the logic gate 50, write_inhibit, transitions
from 1its constant inactive level to a logic high level in
response to the lack of transition in strobe_deactivation. The
write_inhibit signal remains in the logic high level while the
clock pulse pu_clk_fall 1s active. When pu_clk _fall goes
inactive, write_1nhibit transitions back to an inactive state.
The write_inhibit signal continues to “pulse” during subse-
quent CLK cycles as described above so long as strobe_de-
actvation fails to transition during the subsequent CLK
cycles.

Turning now to FIG. 5, a timing diagram depicts timing,
signals associated with the early write termination circuit 12
during a DDR early write termination event. Four sets of data
(D0-D1, D2-D3, D4-D5, D6-D7) are transmitted to the
SDRAM 10 from a memory controller for storage in the
SDRAM memory array 14 during a DDR burst write opera-
tion. However, after the third set of data 1s transmitted to the
SDRAM 10 and stored, the memory controller deactivates
data_ strobe to indicate to the SDRAM 10 that the burst write
operation 1s to be terminated and the last data set 1s not be
stored 1n the SDRAM memory array 14.

The memory controller initiates the burst write operation
by 1ssuing a write command to the SDRAM during a first
clock period. The SDRAM 10 activates 1ts internal write
enable signal (write_en) 1in response to the write command as
previously described. The pu_clk_fall and pu_clk_fall delay
signals are generated 1n response to the subsequent falling
edge of CLK during the first clock period, where pu_clk_fall-
_delay 1s a representation of pu_clk_fall delayed by t,,,,.
The memory controller causes data_strobe to have a rising
edge transition from a high impedance state 1n response to the
next rising edge of CLK during the second clock period. In
response to the positive transition of data_strobe during the
second clock period, data DO 1s sampled by the SDRAM 10.
Likewise, in a DDR embodiment, data D1 1s sampled 1n
response to the corresponding falling edge transition of
data_strobe. Also 1n response to the rising edge transition of
data_strobe during the second clock period, strobe_deactiva-
tion, the complement output of the tlip-flop 44, transitions to
a logic low level. The SDRAM 10 stores the data set D0-D1
in the memory array 14 during the next clock period (clock
period three).

The strobe_deactivation signal remains 1n the logic low
level until reset by pu_clk fall_delay or until data_strobe
transitions to a different logic level. When pu_clk_fall_delay
becomes active, 1t triggers the reset function of the flip-tlop
44. In this non-limiting 1llustration, the output of the tlip-tlop
44 15 reset to a logic low level during the second clock when
the pu_clk _fall_delay pulse occurs. Likewise, the comple-
ment output of the tlip-tlop 44, strobe_deactivation, transi-
tions to a logic high level during the reset. As such, strobe-
_deactivation will continue to transition in a similar manner
so long as the write command remains active and the memory
controller does not deactivate data_strobe. For example,
strobe_deactivation continues to transition in response to
data_strobe and pu_clk_fall_delay during clock periods three
and four. As a result, the data set D2-D3 1s sampled by the
SDRAM 10 during clock period three and stored in the
memory array 14 during clock period four. Likewise, the data
set D4-D5 1s sampled during clock period four and stored 1n
the memory array 14 during clock period five.

The output of the logic gate 50 (write_inhibit) remains set
at a logic low level during the first four clock periods. This 1s
so because the inputs to the logic gate 50, strobe_deactivation
and pu_clk_fall, do not have the same logic high level during
the first four clock periods. Accordingly, write_inhibit wall
remain at a low logic level during the ongoing write operation
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so long as data_strobe 1s not deactivated. When the memory
controller deactivates data_strobe, e.g., data_strobe does not
transition to a logic high level during a rising edge transition
of CLK, such as during the fifth clock period, data_strobe
fails to toggle. As such, when the clock pulse pu_clk_{fall
occurs during the fifth clock period, the logic gate 50 asserts
a write_inhibit pulse. The write_inhibit pulse indicates to the
write enable logic 36 that the memory controller has initiated
an early write termination. In response, the write enable logic
36 deactivates the internal memory write enable signal (wri-
te_en), thus causing the SDRAM 10 to not store the data set
D6-D7 1n 1ts memory array 14 during the following clock
period, 1.e., the sixth clock period.

Returning to FIG. 4, the logic gate 50 provides write_in-
hibit to the write enable logic 36. The write enable logic 36
terminates an ongoing write operation by deactivating wri-
te_en 1n response to write_inhibit being asserted during the
ongoing write operation. Further in response to write_inhibit
being asserted, the write enable logic 36 disables driver cir-
cuits 52, 54 configured to provide data_strobe and CLK,
respectively, to the detection circuit 34. As such, the early
write termination circuit 12 maintains write en in a deacti-
vated state regardless of whether data_strobe 1s reactivated by
a memory controller during an ongoing write operation, thus
preventing the early write termination circuit 12 from enter-
ing a spurious state. After the ongoing write operation 1s
completed or deactivated, e.g., after the current write com-
mand 1s deactivated, the write enable logic 36 re-enables the
driver circuits 52, 54 for subsequent write operations.

In one example, the write enable logic 36 includes a finite
state machine having several signal inputs. One signal 1nput
indicates that the SDRAM 10 1s executing a write operation,
such as the write command as decoded by the command
decoder 18. Another signal input indicates that a given write
operation has completed (end_burst). In one example, end-
_burst may be generated by the column address counter/latch
circuit 30 when a burst write 1s completed. A third signal input
1s the programmed cas latency stored in the mode registers 20
of the SDRAM 10. A fourth signal iput 1s write_inhibit.

FIG. 6 illustrates an embodiment of state transition logic
associated with the write enable logic 36 of the early write
termination circuit 12. Initially, the write enable logic 36 1s in
a non-write state 200. That 1s, any valid memory operation
other than write 1s being executed by the SDRAM 10. When
in the non-write state 200, the write enable logic 36 maintains
write_en 1n a deactivated state (e.g., write_en=1inactive). The
write enable logic 36 remains 1n the non-write state 200 until
a write command 1s received and decoded by the SDRAM 10.
After the SDRAM 10 decodes the write command (e.g., write
command=active), the write enable logic 36 enters a write
state 202 and activates write_en (e.g., write_en=active).
While 1n the write state 202, the SDRAM 10 stores sampled
input data in 1ts memory cells as previously described. The
write enable logic 36 remains in the write state 202 until the
write operation 1s completed (e.g., end_burst=active), the
write operation 1s terminated (e.g., write_inhibit=active) or
the wrnte command 1s deactivated (e.g., write
command=1inactive). Upon completion of a write operation or
deactivation of the write command, the write enable logic 36
returns to the non-write state 200 and deactivates write_en.

If write_inhibit 1s asserted while the write enable logic 36
1s 1n the write state 202 (e.g., write_inhibit=active), the write
enable logic 36 transitions to a write terminate state 204 and
deactivates write_en. By deactivating write_en, the write
enable logic 36 terminates the ongoing write operation as
previously described. The write enable logic 36 remains in the
write terminate state 204 until the write command 1s deacti-
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vated, e.g., by the 1ssuance of a subsequent memory com-
mand, at which time the write enable logic 36 returns to the
non-write state 200.

Thus, according to the above state transition logic, the
SDRAM 10 terminates an ongoing write operation at less
than a defined burst length by disabling its internal write
enable logic in response to detecting data strobe deactivation.
Particularly, the SDRAM 10 disables the storage of data 1n
one or more memory cells of the memory array 14 to carry out
carly write termination. In one example, the SDRAM 10
disables write drivers included in or associated with the data
control circuit 32. That 1s, data will not be stored 1in a memory
cell of the SDRAM 10 during a write operation when the
write driver associated with that memory cell 1s disabled. In
other examples, other circuits and/or functions associated
with storing data in memory cells of the SDRAM 10 may be
disabled 1n response to detecting data strobe deactivation.

FI1G. 7 illustrates one embodiment of a write driver 56
configured to disable writing of data into memory cells of the
SDRAM 10 1n response to write_en being deactivated during
an ongoing write operation. During memory activation, the
row address latch/decoder circuit 26 activates the target word
line (WL) 1n response to the row address (row_addr). In
response, memory cells associated with the activated word
line are selected. For ease of illustration, only one memory
cell 58 1s shown. Particularly, the access transistor of the
selected memory cell 38 1s switched ‘on’ by the activated
word line, thus coupling the storage capacitor of the memory
cell 58 to the bit line (BL'). Prior to activating a sense ampli-
fier 60 associated with the target bit line, a precharge circuit
62 charges the BL' and the corresponding reference bit line
(BL'_ret) of the selected memory cell 58. As such, BL' and
BL' _ref are pre-charged to the same level, e.g., Vdd/2, for
improved performance. Once pre-charged, the column
decoder 28 selects the sense amplifier 60 associated with the
selected memory cell 538 in response to the column address
(col_addr). At this point, the memory cell 58 1s ready to have
data written to or read from 1t.

During a read operation, a read latch 64 drives data sensed
by the sense amplifier 60 to the data I/O butler circuit 22 in
response to a read enable signal (read_en). During a write
operation, the write driver 56 provides data to the selected
memory cell 38 via the sense amplifier 60 1n response to the
write enable signal (write_en). When write_en 1s deactivated
by the SDRAM 10 1n response to a memory controller initi-
ating an early write termination, data will not be stored 1n the
memory cell 58 because the write driver 56 will be disabled.

An embodiment of a memory controller 300, shown 1n
FIG. 8, indicates early write termination to the SDRAM 10 by
deactivating a data strobe signal (data_strobe) during an
ongoing write operation. The memory controller 300 includes
an address path 302, command control logic 304, and a data
path 306. The command control logic 304 generates com-
mands for the SDRAM 10 1n response to requests recerved
from a processor 308, or other device accessing the SDRAM
10 via the memory controller 300. Particularly, the command
control logic 304 1ssues commands in the form of control
signals to the SDRAM 10. In one example, the command
control logic 304 1ssues control signals such as CS, WE, CAS,
and RAS to the SDRAM 10.

The memory controller 300 issues a sequence of com-
mands to the SDRAM 10 to initialize the SDRAM 10, for
example, by programming the mode registers 20 included 1n
the SDRAM 10. Particularly, the memory controller 300 may
provide various parameters to the SDRAM 10 such as burst
length, burst type, one or more latency values, and/or operat-
ing modes to program for storage in the mode registers 20. In
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addition, the command control logic 304 governs operation of
the address and data paths 302, 306 of the memory controller
300 1n accordance with the commands 1ssued by the memory
controller 300 to the SDRAM 10. In one example, the com-
mand control logic 304 comprises a {inite state machine.

The address path 302 provides memory addresses (Addr)
to the SDRAM 10 that correspond to memory addressing
information received, for example, from the processor 308 by
the memory controller 300. During write operations, a data
strobe signal (data_strobe) 1s output by the memory controller
300 for use by the SDRAM 10 when storing data recerved
from the data path 306. During read operations, data_strobe s
output by the SDRAM 10 for use by the data path 306 when
receiving data from the SDRAM 10.

The command control logic 304 indicates early write ter-
mination to the SDRAM 10 by deactivating data_strobe dur-
Ing an ongoing write operation. For example, the processor
308 1ssues a command to the memory controller 300 to 1ndi-
cate that an ongoing write operation 1s to be terminated by the
SDRAM 10. In response, the command control logic 304
deactivates data_strobe. In one example, the command con-
trol logic 304 causes a data strobe driver circuit (not shown)
associated with or included 1n the data path 306 to be dis-
abled. As such, data_strobe can be deactivated during an
ongoing write operation, thus alerting the SDRAM 10 to
terminate the operation. The processor 308, memory control-
ler 300 and SDRAM 10 may operate 1n synchronization in
accordance with a system clock (CK and CK).

With the above range of vanations and applications in
mind, 1t should be understood that the present invention 1s not
limited by the foregoing description, nor 1s i1t limited by the
accompanying drawings. Instead, the present invention 1s
limited only by the following claims and their legal equiva-
lents.

What 1s claimed 1s:

1. A method of terminating a write operation 1n a synchro-
nous dynamic random access memory (SDRAM) at less than
a programmed burst length, comprising:

detecting early deactivation of a data strobe signal applied

to the SDRAM during write operations; and

disabling memory cell access within the SDRAM respon-

stve to said early deactivation of the data strobe signal to
prevent the storage of ivalid data.

2. The method of claim 1, wherein disabling memory cell
access within the SDRAM responsive to said early deactiva-
tion of the data strobe signal comprises disabling access at
least to memory locations corresponding to a truncated por-
tion of the programmed burst length as indicated by deacti-
vation of the data strobe signal.

3. The method of claim 2, wherein disabling memory cell
access within the SDRAM responsive to said early deactiva-
tion of the data strobe signal comprises disabling one or more
driver circuits that control access to said memory locations
corresponding to the truncated portion of the programmed
burst length.

4. The method of claim 1, wherein disabling memory cell
access within the SDRAM responsive to said early deactiva-
tion of the data strobe signal comprises disabling write enable
logic of the SDRAM.

5. The method of claim 1, wherein detecting early deacti-
vation ol a data strobe signal applied to the SDRAM during
write operations comprises detecting a missing transition of
the data strobe signal during the write operation.

6. The method of claim 1, wherein disabling memory cell
access within the SDRAM responsive to said early deactiva-
tion of the data strobe signal occurs aiter the storage of valid
data.
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7. A synchronous dynamic random access memory
(SDRAM) comprising;:

a butler circuit configured to sample input data responsive

to a data strobe signal applied to the SDRAM during a
write operation and direct the input data to one or more
memory cells of the SDRAM for storing the mnput data;
and

an early write termination circuit configured to terminate

the write operation at less than a programmed burst
length by disabling access to one or more of the memory
cells after storage of the sampled input data responsive
to detecting deactivation of the data strobe signal.

8. The SDRAM of claim 7, wherein the early write termi-
nation circuit 1s configured to disable access to one or more of
the memory cells after storage of the sampled input data by
disabling one or more driver circuits that direct data to the one
or more memory cells for storage responsive to detecting
deactivation of the data strobe signal.

9. The SDRAM of claim 7, wherein the early write termi-
nation circuit 1s configured to disable access to one or more of
the memory cells after storage of the sampled input data by
disabling write enable logic of the SDRAM responsive to
detecting deactivation of the data strobe signal.

10. The SDRAM of claim 7, wherein the early write ter-
mination circuit comprises:

a detection circuit configured to detect deactivation of the

data strobe signal; and

a write enable circuit configured to terminate the write

operation at less than the programmed burst length by
disabling access to one or more of the memory cells after
storage of the sampled input data responsive to the
detection circuit detecting deactivation of the data strobe
signal.

11. The SDRAM of claim 10, wherein the detection circuit
1s configured to detect deactivation of the data strobe signal by
detecting a missing transition of the data strobe signal during
the write operation.

12. A synchronous dynamic random access memory
(SDRAM) comprising:

one or more memory cells for storing mput data;

means for sampling the imput data responsive to a data
strobe signal applied to the SDRAM during a write
operation and for directing the sampled 1nput data to one
or more of the memory cells; and

means for terminating the write operation at less than a
programmed burst length by disabling access to one or
more of the memory cells after storage of the sampled
iput data responsive to detecting deactivation of the
data strobe signal.

13. The SDRAM of claim 12, wherein the means for ter-
minating the write operation at less than the programmed
burst length by disabling access to one or more of the memory
cells after storage of the sampled input data comprises:

detection means for detecting deactivation of the data

strobe signal; and

write enable means for terminating the write operation at
less than the programmed burst length by disabling
access to one or more of the memory cells after storage
of the sampled mput data responsive to the detection
means detecting deactivation of the data strobe signal.

14. The SDRAM of claim 13, wherein the detection means
detects deactivation of the data strobe signal by detecting a
missing transition of the data strobe signal during the write
operation.

15. A control circuit for use 1 a synchronous dynamic
random access memory (SDRAM), comprising:
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a detection circuit configured to detect deactivation of a
data strobe signal applied to the SDRAM during a write
operation; and

a write enable circuit configured to terminate the write
operation at less than a programmed burst length respon-
stve to the detection circuit detecting deactivation of the
data strobe signal.

16. The control circuit of claim 15, wherein the detection
circuit 1s configured to detect deactivation of the data strobe
signal by detecting a missing transition of the data strobe
signal during the write operation.

17. The control circuit of claim 15, wherein the detection
circuit comprises:

a first logic circuit configured to generate a toggle signal
during an active portion of a synchronization clock cycle
responsive to transitions in the data strobe signal;

a latch circuit configured to capture the toggle signal
responsive to a delayed version of the synchromzation
clock cycle; and

a second logic circuit configured to detect a missing tran-
sition of the toggle signal and assert a corresponding
write mnhibit signal before a subsequent synchromzation
clock cycle occurs.

18. The control circuit of claim 15, wherein the write
enable circuit 1s further configured to deactivate the detection
circuit during the write operation responsive to deactivation
ol the data strobe signal and to reactivate the detection circuit
responsive to mitiation of a subsequent write operation by the
SDRAM.

19. A control circuit included 1n a synchronous dynamic
random access memory (SDRAM), comprising:

detection means for detecting deactivation of a data strobe
signal applied to the SDRAM during a write operation;
and

write enable means for terminating the write operation at
less than a programmed burst length responsive to the
detection circuit detecting deactivation of the data strobe
signal.

20. The control circuit of claim 19, wherein the detection

means Comprises:

first logic means for generating a toggle signal during an
active portion of a synchronization clock cycle respon-
stve to transitions 1n the data strobe signal;

latch means for capturing the toggle signal responsive to a
delayed version of the synchronization clock cycle; and

second logic means for detecting a missing transition of the
toggle signal and asserting a corresponding write inhibit
signal before a subsequent synchronization clock cycle
OCCUrS.

21. The control circuit of claim 19, further comprising
deactivation means for deactivating the detection means dur-
ing the write operation responsive to deactivation of the data
strobe signal and for reactivating the detection means respon-
stve to mitiation of a subsequent write operation by the

SDRAM.

22. A method of detecting early write termination 1n a
synchronous dynamic random access memory (SDRAM),
comprising;
detecting deactivation of a data strobe signal applied to the
SDRAM during a write operation; and

terminating the write operation at less than a programmed
burst length responsive to detecting deactivation of the
data strobe signal.

23. The method of claim 22, wherein detecting deactiva-
tion of the data strobe signal comprises detecting a missing
transition of the data strobe signal during the write operation.



US 7,414,899 B2

15

24. The method of claim 22, wherein terminating the write
operation at less than a programmed burst length comprises:

generating a toggle signal during an active portion of a
synchronization clock cycle responsive to transitions in
the data strobe signal;

capturing the toggle signal responsive to a delayed version
of the synchronization clock cycle; and

detecting a missing transition of the toggle signal and
asserting a corresponding write ihibit signal before a
subsequent synchronization clock cycle occurs.

25. A memory controller comprising control logic config-
ured to terminate an ongoing write operation by deactivating,
a data strobe signal directed to a synchronous dynamic access

memory (SDRAM) by the memory controller during the
ongoing write operation.
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26. The memory controller of claim 25, wherein the control
logic 1s configured to deactivate the data strobe signal by
disabling one or more driver circuits that generate the data
strobe signal.

27. A method of controlling a synchronous dynamic access
memory (SDRAM) by a memory controller, comprising;

generating a data strobe signal by the memory controller

during an ongoing write operation; and

terminating the ongoing write operation by deactivating

the data strobe signal during the ongoing write opera-
tion.

28. The method of claim 27, wherein deactivating the data
strobe signal during the ongoing write operation comprises
disabling one or more driver circuits that generate the data

15 strobe signal.
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